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He, Pil Kocsis, PhD and istvAn Tamawa, PhD, both 
citizens of Hungary, residing respectively at Hezeskalacs ter« 5., 
H-1155, Budapest, Hungary, and at Kerekgyarton u. 45/C, H-1147, 
Budapest, HungaLty# declare as follows s 

fTHAT we have each awarded respectively by a college or 
university fully accredited in Hungary the degree of PhD in 
biological science; 

TEAT we each have a nuinber of years of experience in the 
testing of pharmaceutical coiopositions for anti-spasmodic and 
analgesic activity in both in vivo and in vitro e3q;>erimentation/ 

THAT each of our full curriculum vitae may be attached to 
this declarationf 



- 1 - 



23304OC1.WPO 



Atty'8 23394 



Pat. App. 10/551,510 

i 



THAT we are each Aanplicants la US Patent Applleaticmi 
Serial Mo. 10/551,510 filed 29 Septeniber 2005 and directed to I 
PHARMACSUTZCAL COMBZNATZON FOR TBS TREATMBNT OF SPASTZCZTIT AND/OR 
PAIN; 

THAT In order to provide evidence in addition to the' data 
presented in the specification in XJ8 Patent Application Serial Bio* 
10/551,510, on stages 5 through 12, that the pharmaceutical 
compositions according to the present invention which contain 
either tolperisone or eperisone together with dextrosDethorphan 
exert a surprising supra additive (synergistic) effect against both 
spasticity and pain, we have either personally conducted or 
supervised the carrying out of the following testes 

The key point is the supra-additive synergism between the 
pharmacological effects of tolperisone cmd deKtromethorphan 
establiashed in the present application on pages 5 through 12. Now 
we show some additional pharmacological evidence clearly indicating 
such an interaction between the two drugs when applied in 
combination* 

Inhibition of spinal reflexes in the rat hemisected 
spinal cord preparation is a suitable method for evaluating drug 
effects on spinal neuronal functions having important roles in the 
effects of e.g. muscle relaxants or analgesic agents. We have 
perforzoed an in vitro study to compare the spinal action of 
tolperisone alone and in the presence of dextrooethprphan. We 
measured the reflex inhibitory action of tolperisone by itself and 
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In the cQabinatlon. We show the results # and their statistical 
analysis in the two figures below, Deactromethorphan (0«25 |iM) 
produced little effect « lH>lperi8onet when applied alone at 25 and 
50 laM produc€Ki weak and moderate effects, respectively, whcm the 
effects of the sane concentrations of tolparisone in coaibination 
with 0.25 viH dextronethorphan were tested the inhibitions by both 
combinations were hiaher than the sums of the effect of 
dextromethorphan and tolperisone at the corresponding 
concentrations • 



100-1 
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Pl0. 1. Effect o£ tolperlsona (TOLP) Iv itself <whlte 
bers) and in the pfeseilce of dexrtrooiethozplian {WSX,9 0.25 fiMi gray 
bars) on the monosynaptic component of the dorsal root stlaulation 
evoked ventral root reflex (HSR). The black bar shows the effect of 
0.25 uM DEX by itself. Data represent mean ± S.E.M. values from 
four experiments. x>extromethorphan sisToificantly increased the 
effectiveness of tolperisone (AHOVA Duncan's multiple range test, 
p»0. 000189). 
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Pig* 2. xsobolograai for tlie interaction between 
tolperisone and dextrosnethozphan • !Che ZC,o value of tolperieone is 
plotted on the ordinate (cslosed triangle) and that of 
deactromethprphan on the abscissa (closed circle) • The XCso values 
for the inhibition of the MESR were obtained by fitting data to the 
sigmoid mbdel. The straight line connecting the two plotted XC^ 
values is the isobolographic line, while dashed lines represent 95% 
confidence intervals* The eKperimental XC,o of the combination of 
tolperisone and dextromethorphan is plotted as the closed souare 
and 95% confidence intervals as the solid vertical line, xf the 
experimentally determined XC^o lies on the isobolographic line, then 
the drug effects are a^itive* Xf the XC^q lies below this line, it 
indicates supra-additivity and when the XC50 lies above the 
isobolographic line, there is infra-additivity. Supposing an 
additive interaction an IC50 of 45 pM is expected for tolperisone 
when combined with 0.25 pH of dextromethorphan (see dotted lines)* 
However, the actual XC50 was almost 6 times less than this (8 pH) • 
There is no overlapping between the 95% confidence intervals, thus 
the interaction between the two compounds seems to be clearly 
supra -addl t i ve «' 
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The isobologram of the re£lex inhibitory action of 
tolperisone azid dextroi&athorphaxi# cmd their cambination show a 
clearly supraf-addLLtive effect (synergiea) hmtwwsn the two drugs^ 
The statistical coinparisbxi (chi square test) of the ZC90 Values of 
the combinations calculated from the is<dx>logram and those actually 
determined in the eKperiaents shows a highly significant difference 
(chi^->121.1| p<0.00001). 

THAT based upon the in vitro data presented above and the 
in vitro euad in vivo data that we obtained as presented in Tables 2 
through 6 of the present application, we conclude that the 
ccmbination of either tolperisone or ej^erisone with, 
dextromethorphan exerts a supra additive (synergistic) anti- 
spasmodic and analgesic effect; 

THAT each of us would also like to point out 

in contrast with baclofen (which is a GABAB receptor 
agonist) or carisoprodol, zoxazolamine, cyclobenzaprine, 
methocarbamol, or orphenadrine (which are non- specifically acting 
sedative agents) tolperisone and eperisone cause muscle relaxation 
via a different, well -characterized mechanismt blockade of neuronal 
sodium and calcium channels > Thus these coma^ounds, whjfffr Ita^k 
sedative side effect , together with seme agents (which are not used 
in the therapy /ailperisone, lanperisone/) represent a sub- family 
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central mascle relaxants, the ^tolperiaone-type'' {see attached: 
Kocsis, P./ Farkaa, Bmg Fodor, L./ Biellk, Vban, H.f Kolok, S.| 
Gere, A.i Csejtei, N.; Tar]iawa> Z. Tolperlsone-type drugs inhibit 
spinal reflexes via blockade o£ Troltage-gated sodium and calcitmi 
channels. J, Pharmacol* Sxp. llher* 315^1. 1237-1246 (2005) }• 

The blockade o£ sodium channels is a prerequisite of the 
8upra-additive synergism between tolperisone and dextromethorphan, 
which is the sub-feet of our patent application, and no such 
mechanism-based interaction have been demonstrated between sedative 
xmiscle relaxants and dextromethorphan 

Muscle relaxant drugs are only useful in alleviating pain 
associated with muscle spasticity, but are not necessarily 
effective in the treatment of most pain syndromes, e*g. neuropathic 
pain. The use of tolperisone and eperisone is restricted to disease 
areas where pain is caused by abnormally increased muscle tone* 
Also, The data in bose et al, "The efficacy and safety of eperisone 
in patients with cezrvical spondylosis: results of a randomized, 
double-blind, placebo-controlled trial". Methods F ind Exp Clin 
Pharmacol. 1999 April; 21(3) s 209 to 213 concerning the «aialgesic 
effect of eperisone refer to a situation where the disease of 
vertebrae (cervical spondylosis) causes painful muscle spasm, which 
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Is responsive to mascle relaxants. The data presented In our patent 
application prove that tolperisone or c^erisone, in combination 
with deactromethorphan had an anti-ra llodvnic effect in a ncnropathic 
pain mpdelt where nwiscl^ m^m dp npt P^-EY » g^Jrff ^yr^lppffl^t 
of pain state. This effect suggests a ntuch wider spectrum of 
analgesic activity. 

TMAXr based upon the difference in the louscle relaxant 
mechanism of action between tolperisone and eperisone according to 
the present invention cmd baclofen, carispprodol, sonzolainine, 
cyclobenzaprine, methocarbamol, or orphcmadrine, according to US 
Patent 5,840,731 to MAYER et al, we further conclude that the supra 
additive (synergistic) anti-^spasmodic activity that we have 
demonstrated for tolperisone or eperisone with dextromethorphan 
would not have been predictable or expected from the disclosure in 
MAYER et al of compositions which contain an analgesic, 
dextromethorphan, and a muscle relaxant which includes baclofen, 
carisoprodol, zoxazolcunine, cyclobenzaprine, miethocarbamol, or 
orphenadr ine / 

"THAT based upon the disclosure in the prior art, 
including BOSS et al, that the use of tolperisone aieid eperisone is 
restricted to disease areas where pain is caused by abnormally 
increased muscle tone, our finding that tolperisone or eperisone, 
in combination with dextromethorphan exerts a supra additive 
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(ayneraistic) aati-^alXodyttic affect In a neuropathic pain model, 
where miscle epan do xiot play a role the development of pain 
Btate# suggesting a much wider spectxrum of emalgesic activity, 
would not at all have been predictable or escpectedi 

THAT we are aware of no information inconsistent with 
that presented above or which would lead odb to a contrary 
conclusion I and 

We hereby declare that all statements made herein of our 
own Jcnowledge are true and that all statements made on information 
and belief are believed to be true and further that these 
statements were made with the kaxowledge that willful false 
statements and the like so made are punishable by fine or 
imprisonment, or both, under 18 USC 1001 and that such willful 
false statements may jeopardise the validity of the application or 
any patent issued thereon. 

Date Kocsis 

-^otfd /i/ouauU^ . 2c^nJ? kUL Tl. — — 

istvAn Tamawa 



Enci (2) Curriculum vitae 
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CURRICULUM VITAP 



Name: Pal Kocsis PhD 

Date of Birth: 05. 14. 1969. 

Address at home: H-1 155 Budapest, M^zeskaldcs t^r 5. 
Phone: 1-416-8247 



Address at work: 



Electrophysiology 

Research Division, Gedieon Richter Pic. 

19-21 Gy5mr5i u. H-1 103 Budapest^ Hungary 

Phone: 1-431-5400 

Fax: 1-889-8400 

Email: p.kocsis(g>richtervhu 



Current position: Research scientist 



Education: 

From 1995 to 2003 

From 1988 to 1994 

Language skills: 

Positions: 
From 1994 



ELTE TTK PhD School of Biology 
Neurobiology and Humanbiology 
ELTE TTK biologist 

German intermediate "C"; ELTE; 1992 

English intermediate '*C"; Centre for Foreign Languages 

Research scientist at Gedeon Richter Pic 



Professional expertise: 

Fields: electrophysiology of the spinal cord, voltage gated sodium channels, ionotrop 
glutamate receptors; centrally acting muscle relaxants, chronic pain, analgesics, 
hyperactivity disorders; study of drug interactions in various in vitro and in vivo 
models 

Technics: in vitro and in vivo spinal reflex methods, windup methods in rat and rabbit, 
various chronic pain methods, automated patch clamp (QPatch) 



Memberships: Hungarian Neuroscience Society (HNS) 

International Brain Research Organization (IBRO) 

Federation of European Neuroscience Societies (FENS) 
Hungarian Socieft' for Experimental and Clinical Pharmacology 
Hungarian Pain Society 

Publications: 



Number of papers in international journals: 14 
I. S. Farkas, Cs. Horvdth, P. Kocsis (1995) Some electrophysiological methods for 
studying functions related to excitatory amino acid receptors. Neurobiology 3(2): 1 84- 
185 



2. N. Bielik, S. Farkas, P. Kocsis (1997) Studies on the mechanism of action offlGH- 
5002, a centrally acting muscle relaxant, using whole cell patch clamp technique. 
Neurobiology 5( 1 ): 43-45 

3. S. Farkas, P. Kocsis, N. Bielik (1997) Comparative characterisation of the cenlraliy 
acting muscle relaxant RGH-5002 and tolperisone and of lidocame based on their effects 
on rat spinal cord in vitro. Neurobiology 5(1): 57-58 

4. P. Kocsis. S, Farkas, N. Bielik (1997) Participation of NMDA and AMPA type 
glutamate receptors in spinal segmental reflex: an in vitro study. Neurobiology 5(1): 71- 
73 

5. I. ViMgi. I. Tamawa, P. Kocsis, 1. Banczerowski-Pelyhe (1998) Effect of glutamate 
receptor antagonists on excitatory postsynaptic potentials in striatum. Brain Research 
Bulletin 46(6): 483-486 

6. P. Kocsis, 1. Tamawa I, Z Szombathelyi, S Farkas. (2003) Participation of AMPA- and 
NMDA-type excitatory amino acid receptors in the spinal reflex transmission, in rat. 
Brain Research Bulletin 60(N2): 8h91 

7. G. Kovacs, P. Kocsis, I, Tamawa, Cs. Horvi^^!, Z. Szombatiielyi, S. Faricas (2004) 
NR2B containing NMDA receptor dependent witidup of single spinal neurons. 
Neuropharmacology 46:23-30 

8. P. Kocsis, G. Kovacs, S. Farkas, Cs. Horv^h, Z. Szombathelyi, I. Tamawa (2004) 
NR2B receptors are involved in the mediation of segmental reflex potentials but not in 
the cumulative motoneuronat depolarization in vitro. Brain Research Bulletin 64(2): 133- 
138 

9. S. Farkas, P. Berzsenyi, E. Mrpdti, P. Kocsis, I Tamawa (2005) Simple 
pharmacological test battery to assess efficacy and side effect profile of centrally acting 
muscle relaxant drugs. Journal of Pharmacological and Toxicological Methods 52(2): 
264-273 

10. P. Kocsis, S. Farkas, L. Fodor. N, Bielik, M. Than, S. Kolok, A. Gere, M. Csejtei, L 
Tarnawa (2005)Tolperisone-type drugs inhibit spinal reflexes via blockade of voltage 
gated sodium and calcium channels. Journal of Pharmacology and Experimental 
Therapeutics 3 1 5(3): 1 237-1246. 

n. I. Tamawa, H. Bolcskei, P. Kocsis (2007) Blockers of Voltage-Gated Sodium Channels 
for the Treatment of Central Nervous System Diseases. Recent Patents on CNS Drug 
Discovery 2: 57-78. 

12. M. Than, P. Kocsis, K. Tihanyi, L. Fodor, B. Farkas, G. Kovacs, A, Kis-Varga, Z. 
Szombathelyi, L Tarnawa (2007) Concerted action of antiepileptic and antidepressant 
agents to depress spinal neurotransmission: possible use in the therapy of spastic!^ and 
chronic pain . Neurochemistry International, 50(4):642-52. 



13. H. B5lcskei, i. Tamawa, P. Kocsis (2007) Voltage-Gated Sodium Channel Blockers 
2001-2006; An Overview. Medicinal Chemistry Research, 15 (1-6), PP- 39-41 

14. H. BOlcskei, I. Tamawa, P. Kocsis (2007) Voltage-Gated Sodium Channel Blockers 
2001-2006: An Overview. Medicinal Chemistry Research. 17 (2-7), pp. 356-368 

Number of papers in Hungarian: 1 
LP. Kocsis, 1. Tamawa, G, Kovacs, Z. Szombatheiyi, S. Farkas (2002) Mydeton: a 
centrally acting muscle relaxant drug from Gedeon Richter LTD. Acta Pharm Hung 
72(1): 49-61 

Number of patent applications: 3 

1. K. Tihanyi, P. Kocsis, G. N^meth, i. Tamawa, B. Dalmadi (2004) Pharmaceutical 
combination for the treatment of spasticity and/or pain. WO 2004089352 

2. P. Kocsis. I. Tamawa, M. Th^, K. Tihanyi, G. N^me^ (2005) Novel pharmaceutical 
compositions with increased activity. WO 2005058363 

3. P, Kocsis, 1. Tamawa, M. ThAn, K. Tihanyi, C, N^meth (2007) Pharmaceutical 
compositions comprising a sodium channel blocker in combination with a MAO-B- 
inhibitor. WO 2007060491 



CURRICULUM VITAE 



Name: 



istvan TARNAWA 



Date of Birth: 
Address at home: 



Phone: 
Email: 

Address at work: 



Current position: 

Education: 
1996 

1987 



1972 - 1977 



Positions: 
1999-present 

1997-1999 

1994-1997 

] 993- 1996 

1986- 1995 

1987- 1994 
1982-1987 
1977-1982 



March 06, 1953 
1147 Budapest 
Ker^kgydrtd u, 45^0 
Hungary 
36-1-3833140 
tamawa@richter.hu 



Research Division, Gedeon Richter Pic. 
19-21 Gyamr6i ut. H-1 103 Budapest, Hungary 
Phone: 

Fax:36-1-8898400 
Email: tamawa@richter.hu 
Head of Electix>physiolbgy Group 



PhD degree 

E6tv5s Lorand University, Dept. of Physiology, 

University doctoral degree (Physiology; Title of dissertation: 

Elect rophysiological Investigations on the Mode of Action of 2 ,3- 

Benzodtazepines 

E5tv6s Lorand University, Natural Science Faculty 
Budapest, Hungary 

Field of study: Biology (M.S. degree in 1977) 



Head of Electrophysiology Group, Pharmacology and Drug Safety Research, 

Gedeon Richter Ltd. 

Head of the CNS Research Laboratory, 

Chinoin Pharmaceutical Works Co., Ltd. 

Head of the Electrophysiology Laboratory, Department of 

Neurobiochemistry, Institute for Drug Research (IDR) 

Project leader of AMPA antagonist research at IDR 

Research Scientist (part-time position). Tissue slice laboratory, 

Dept. of Comparative Physiology, E5tv5s Lorand University, Budapest 

Senior staff researcher, 1st Pharmacology Dept. IDR 

Research Scientist, 1st Pharmacology Dept, IDR 

Research Associate, 1st Pharmacology Dept, IDR 



Number of publications: 61 (full list enclosed) 
Number of patent applications: 19 



Memberships: 



Hungarian Physiological Society 
Hungarian Neuroscience Society 
European Neuroscience Society 



1983 
1985 
1988 
1988 
1996 
1999 



International Brain Research Organization 
Hungarian Pharmacological Society 
Hungarian Pain Society 



1976- 1977: 

1977- 1981 
1982.1983 
1983-1985 
1985 

1986-1987: 
1988 

1989-1997 
1991 

1992-1997 

1994 
1995 

1995-1997 
1997- 



Advisory Board Member; Recent Patents 

on CNS Drug Discovery, Benthaiti Sci. 2006 



expertise (experience in research) 

Electrophysiological work in snail giant neurons; Inst. Gerontology, Budapest, 
supervisor: Dr, S. T6th. 

Pharmacological work with opiates and other newly synthesized analgesic and 
antiinflammatory compounds; IDR, supervisor: Dr. J.I. Sz^kely, 
Electrophysiological investigations on the effect of benzodiazepines in snail 
neurons; IDR, Supervisor: Dr. F. Andr^si. 

EtTects of newly synthesized neurotropic drugs on single unit activity of the 
substantia nigra, in anesthetized rats; IDRy Supervisor: Dr. F. Andrei. 
Brain slice studies on NMDA receptors, Effects of iontophoretically applied amino 
acids on lumbar alpha motoneurons in immobilized cats; Inst. Physiol,, Univ. 
Aarhus, Denmark, supervisors: Prof. 1. Engberg and Dr, J. A. Flatman. 
Effects of GYKl 52466 on spinal reflexes, in cats, and on evoked potentials in 
cortical slices; IDR and Dept. Comp. Physiol, EOtvds University, Budapest. 
Identification of GYKl 52466 as a selective non-NMDA antagonist, in brain slices; 
inst. Physiol., Univ. Aarhus. 

Electrophysiological and pharmacological studies on novel derivatives of GYKl 
52466 (IDR); Investigation of the role of glutamate receptors in normal 
physiological neurotransmission (especially in the hippocampus, neocortex, and 
spinal cord), in synaptic plasticity, and pathological processes (epilepsy, 
neurodegeneration); IDR, and EatvGs University* 

Intracellular electrophysiological study on the role of AMPA receptors in la EPSPs 
of spinal motoneurons, in spinal cats; in Dr, J. Durand*s lab, CNRS, Marseille. 
Project manager of the 2.3-benzodiazepine AMPA antagonist research program at 
IDR. Talampanel (GYKl 53773) has been selected as an antiepileptic drug 
candidate 

Whole-cell voltage clamp studies on freshly isolated cerebellar Purkinje cells; in Dr. 
David Bleakman's laboratory. Lilly Res. Labs. ErI Wood, England. 
Acquiring new tissue culture methods, and investigation of glutamate receptors 
mediated responses in co-cultures of brainstem motoneurons and muscle cells; in 
the lab of Dr. J.P, Gueritaud, CNRS, Marseille (BALATON program). 
Establishment of a new patch clamp laboratory at IDR. Whole-^ell clamp studies on 
the effects of positive and negative AMPA receptor modulators in acutely isolated 
or cultured neurons, and on recombinant GluRI receptors. 
Organization of research programs on CNS active compounds. 
Ion current measurements with whole-cell patch clamping; reflex measurements in 
the rat hemisected spinal cord model; spinal reflex potential measurements in 
spinal ized rats; wind-up studies in vitro and in vivo; neuronal unit activity 
measurement; drug induced tremor model. 

Investigation of drug interaction studies in various in vitro and in vivo models;. 
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Papers published in peer reviewed Journals 

J,l. Szekely, E. Migl6cz, Zs. Dunai-Kovacs. I. Tarnawa . A,Z. R6nai, L. Grdf and S. Bajusz (1979) 
Attenuation of morphine tolerance and dependence by a-melanocyte stimulating hormone (a- 

MSH). Life Sci. 24: 1931-1938. 

I. Tarnawa, J.I. Sz6kely (1980) Effect of morphine in combination with chlorpromazine and 
haloperidol on operant behavior; Pharmacology 21: 186-192. 

E. Sineger, K, Horv^th, E. Miqtecz. t. Tarnawa . F. Andr^si, J.I. Szfekely (1982) Morphine and D- 
met^. pro^-enkephalinamide do not.show specific neuroleptic activity; Eur J. PharmacoL 80: 359- 



S. Farkas, I. Tarnawa. P. Berzsenyi (1989) Effects of some centrally acting muscle relaxant's on 
spinal root potentials; Neuropharmacology 28. 161-173. 

I, Tarnawa, S. Farkas, P. Berzsenyi. A. Pataki and F. Andrasi (1989) Electrophysiological studies 
with a 2.3-benzodiazepine muscle relaxant: GYKI 52466; Eur J. Pharmacol. 167. 193-199. 

V.V. Senatorov, I. Vil^gi I. Tarnawa . I. Banczerowski-Pelyhe, andZ. Fulop (1990) 
Electrophysiological and morphological evidence of functional connection between intracortical 
neocortex grafts and the host brain (Russian text); DokL Akad. Nauk. SSSR 315. 1500-1504. 

I. Vitegi, I. Tarnawa. and I. Banczerowski-Pelyhe (1991) Changes in the seizure activity of the 
neocortex during the early postnatal development of the rat; Epilepsy Res. 8. 102-106. 

VilSgi, I. Tarnawa . and I. Banczerowski-Pelyhe (1992) Development of LTP in the 
somatosensory cortex of rats of different ages; Neurosci. Lett 141: 262 - 264, 

L Tarnawa. P. MoinSr, L. Gaal and F. Andres! (1992) Inhibition of hippocampal field potentials by 
GYKI 52466 in vitro and in vivo; Acta Physiol, Hung. 79: 163 -169. 

L Tarnawa. P. Berzsenyi, T. H^mori, P. Botka, J. Korosi and F. Andrasi (1993) Structure-activity 
relationships among 2,3-benzodiazepine compounds with AMPA antagonistic action; Bioorg. Med. 
Chem, Lett. 3: 

I. Engberg, 1. Tarnawa , J. Durand, and M. Ouardouz (1993) An analysis of synaptic transmission 
to motoneurones in the cat spinal cord using a new selective receptor blocker; Acta Physiol 
Scand. 148: 97-100. 

S. T6th. 1. Tarnawa . L Penzes. J. Sarm^ny, Zs. Toth (1994) Age- dependent modification of 
aspecific cellular effects of the benzodiazepine flunitrazepam; Arch, Gerontol. Geriatr 18: 169- 
180. 

V.V. Senatorov. I. Vil^gi, L Tarnawa . I. Banczerowski-Pelyhe, Z. Fulop (1995) Low extracellular 
magnesium unmasks N-methyl-D-aspartate-mediated graft-host connections in rat neocortex slice; 

Neuroscience 64: 443-458. 

E.S. Vizi, A. Mike, I. Tarnawa (T996) 2.3-benzodiazepines (GYKI 52466 and analogs): Negative 
allosterie modulators of AMPA receptors; CNS Drug Rev. 2: 91-126. 



L Vit^gi„G. CsOcs, 1. Tarnawa. I. Banczerowski-Pelyhe (1996) Involvement of NMDA and non- 
NMDA receptors In the neocorticai synaptic activation: an in vitro study on brain slices of rats of 
different ages; NeuroscL Lett. 203: 139-142. 

D, Bleakman, B.A. Ballyk, D,D. Schoepp, AJ. Palmer, CP. Bath, E,F. Sharpe, M.L. Woolley, H.B. 
Bufton, R.K. Kamboj, I. Tarnawa . D. Lodge (1996) Activity of 2.3-ben2odiazepines at native rat 
and recombinant human glutamate receptors in vitro: stereoselectivity and selectivity profiles; 
Neuropharmacology 35: 1 689-1 702. 

E. S. Vizi. A. Mike, I. Tarnawa (1997) The functional study of kainate receptors - hopes and 
doubts; TINS 20: 396. 

J.I. Szekely, R. Kedves, 1. M5t6. K. Tordk, L Tarnawa (1997) Apparent antinociceptive and 
antiinflammatory effects of GYKt 52466; Eur J. PharmacoL 336: 143-154. 

I. Viiigi. P. Kocsis. L Tarnawa . I. Banczerowski-Pelyhe (1998) Effect of glutamate receptor 
antagonists on excitatory postsynaptic potentials in striatum; Brain Res, BulL 46: 483-486. 

I. Tarnawa and E:S: Vizi (1998) 2,3-.Benzodiazepine AMPA antagonists; Rest, Neurol. NeuroscL 
12:41-57, 

T. Launey, A. Ivanov, G. Kapus, N. Ferrand, I. Tarnawa . J. P. Gueritaud(1999) Excitatory amino 
acids and synaptic transmission in embryonic rat brainstem motoneurones in organotypic culture; 
Eun J. NeuroscL 11: 1324-1334. 

T. H^mori, S. Solyom. P. Berzsenyi, F. Andrasi and I. Tarnawa (2000) Structural analogues of 
some highly active non competitive AMPA antagonists; Bioorg. Med. Chem, Lett 10: 899-902. 

G. Kapus. I. Bodi. A. Pataki, J.-P. Gueritaud, J.L Sz6kely, L Tarnawa (2000) Differential 
modulation of the GYKI 53784-induced inhibition of AMPA currents by various AMPA-positive 
modulators in cerebellar Purkinje cells; Eur. J. PharmacoL 397: 43-47. 
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ABSTRACT 

The spinal reflex depressant mechanism of tolperisone and 
some of its structural analogs with central muscle relaxant 
action was Investigated, Tolperisone (50-400 ^M), eperisone, 
lanperisone, inaperisone, and silperisone (25-200 ^M) dose 
dependently depressed the ventral root potential of isolated 
hemisected spinal cord of 6-day-old rats. The local anesthetic 
lidocaine (100-800 ^lM). produced qualitatively similar depres- 
sion of spinal functions in the hemicord preparation, whereas 
its blocking effect on afferent nerve conduction was clearly 
stronger. In vivo, tolperisone and silperisone as well as lido- 
caine (10 mg/kg intravenously) depressed ventral root reflexes 
and excitability of motoneurons. However, in contrast with li- 
docaine, the muscle relaxant drugs seemed to have a more 
pronounced action on the synaptic responses than on the 
excitability of motoneurons. Whole-cell measurements In dorsal 
root ganglion cells revealed that tolperisone and silperisone 



depressed voltage-gated sodium channel conductance at con- 
centrations that inhibited spinal reflexes. Results obtained with 
tolperisone and Its analogs in the pHJbatrachotoxinin A 20-a- 
benzoate binding in cortical neurons and in a fluorimethc mem- 
brane potential assay in ceret>ellar neurons further supported 
the view A^^at blockade of sodium channels may be a major 
component ^oflhe action of tolpensone-type centra lly actincg 
muScie relaxant drugs, hurth er more. tolperisone. ei^ risone. 
g rna especially sijpensone had^a nriarked eiiegt on voltage- 
gated cal cium chann el5^- w hereas c ^'^'Mm rtumm^i w^rfl hardly 
IrTflPgncea^by lidocaine. Th ese data suggest that tolperisone- 
fype muscle relaxants exert their spinal reflex inhibitory action 
predominantly via a presynaptic Inhibition of the transmitter 
release from the primary afferent endings via a combined action 
on vbHage-gated sodium and calcium channels. 



2-MethyM-(4-niethylpheiiy])-3-(l-piperidinyl)-l-pro- 
panone hydrochloride (tolperisone) is an old, centrally acting 
muscle relaxant drug that is mainly used for treating muscle 
spasticities of neurological origin and painful muscle spasms 
due to rheumatdlqgic conditions. Besides being an eifective 
antispastic agent (Pratzel et al., 1996; Dulin et al., 1998), 
tolperisone also has analgesic activity in rodents (Sakaue et 
al., 2004) and in humans (Svensson et aL, 2003), It possesses 
relatively few side effects in humans (Dulin et aL, 1998). 
Other propiophenone muscle relaxants include l-(4-ethyi- 
phenyl)«2-methyl-3-(l-piperidinyl)-l-propanone hydrochlo- 
ride (ei>erisone), which is also a registered drug (Bose, 1999), 
and ( - )-2-(/i)-methyl-3-(l-pyrrolidinyl)-l-[4-(trifluorometh- 
yl)phenyl]-propanone hydrochloride (lanperisone; Sakitama 
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et al., 1997) and l-(4-ethylphenyl)-2-methyl-3-(l-pyrrolidi- 
nyl)-l-propanone hydrochloride (inaperisone; Morikawa et 
al.. 1992), two agents that had been tested in human phase 
III studies but not introduced into the clinical practice. 1-1(4- 
Fluorobenzyl)dimethylsilyimethyl]piperidine hydrochloride 
(silperisone), a sila analog of tolperisone (Farkas et al., 2005), 
has been shown in mice to have better separation between 
the desirable effects (i.e., reduction of abnormally increased 
muscle activity in various models) and anticipated undesir- 
able efTects (i.e., central nervous system depression and 
impairment of voluntary motor control) than currently avail- 
able centrally acting muscle relaxant drugs. The develop- 
ment of this compound has been discontinued because of an 
unacceptable side effect found in the chronic toxicity studies. 

Only few reports dealing vnth the mechanism of action of 
tolperisone-like compounds have been published. Ono et al. 
(1984) have shown that tolperisone and eperisone exert a 



ABBREVIATIONS: TTX, tetrodotoxin; DRG, dorsal root ganglion; NMDA, W-methyl-o-aspartate; pHJBTX, pH]batrachotoxinln A 20-a-benzoato; 
ACSF, artificial cerebrospir^l fluid; DR-VRP, dorsal root stimulation-evoked ventral root potential; AFP, afferent fiber potential; MN, motoneuron 
stimulation-related compound action potential; MS, monosynaptically evoked action potential of nwtoneurons; PAF, primary afferent fiber; ES. 
extracellular solution; IS, intracellular solution; MSR, monosynaptic reflex; EPSP, excitatory postsynaptic potential; DSR, disynaptfc reflex; PSR, 
polysynaptic reflex; GYKl 62466, 1-(4-aminophenyl)-4-methyl-7.8-methyienedioxy-5H'2,3-benzodiazepine hydnochloride. 
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local anesthetic*like (membrane-stabilizing) action both on 
motoneurons and primaiy afiferents in vivo as well as on 
peripheral nerves of rats in vitro. Tolperisone was found to 
inhibit action potential propagation on both A- and C*fibers 
of rat sciatic nerve (Quasthoff et al., 2003). The local anes- 
thetic action of tolperisone and eperisone was implicated in 
their antinociceptive effects on acute pain in mice (Sakaue et 
al., 2004). Thus, the effect of tolperisone seems to be similar 
to that of lidocaine. (lignocaine; a>-diethylamino-2,6-dimeth- 
ylacetanilide), which is known to inhibit voltage-dependent 
sodium currents. Indeed, molecular modeling studies re- 
vealed that tolperisone can bind to the same site to which 
lidocaine can bind (Fels, 1996). In a two-electrode voltage- 
clamp study in Xenopus oocytes, Quasthoff et al. (2003) found 
an inhibition of both Navl.6 [tetrodotoxin (TTX)-sensitive] 
and Na^l.e (TTX-resistant) recombinant sodium channels by 
tolperisone. Similar to lidocaine, both silperisone (During 
and Koppenh5fer» 2001) and tolperisone (Hinck and Koppen> 
hdfer, 2001) inhibited sodium currenlts of frog-isolated ^n- 
vier nodes. The results of the latter study, however, suggest 
a significant involvement of potassium channels as well in 
the mediation of tolperisone's action; therefore, the authors 
concluded that tolperisone cannot be regarded as having a 
lidocaine-like action, because the latter drug has negligible 
effect on potassium channels. Furthermore, voltage-clamp 
studies in snail neurons (Novales-Ia et al., 1989) demon- 
strated an inhibition of voltage-dependent calcium currents 
by tolperisone and some of its analogs. The close chemical 
similarity of eperisone. ianperisone, and inaperisone (and to 
some extent silperisone) to tolperisone suggests a similar 
mode of reflex inhibitory action. 

For better understanding of the mechanism of suppressant 
action of tolperisone and its analogs on spinal reflexes, the 
effects of these agents on the spinal reflex machinery be- 
tween the stimulated dorsal root and the ventral root con- 
veying efferent discharges were studied in the rat spinal cord 
both in vitro and in vivo, in comparison with the local anes- 
thetic lidocaine. The sodium channel blocking effects of these 
compounds were characterized in electrophysiological exper- 
iments on doi-sal root ganglion (DRG) cells, in a functional 
assay using fluorescent membrane potential dyes, in cerebel- 
lar cultures, and in a radioligand binding assay using brain 
cortical synaptosomal preparation. Their effect on voltage- 
gated calcium channels was also analyzed. 

Materials and Methods 

Materials. Silperisone HCl, eperisone HCl, tolperisone HCi, ina- 
perisone HCl, Ianperisone HCl, and pipecuronium bromide were 
synthesized at Gedeon Richter Ltd. (Budapest, Hungary). Lidocaine 
was obtained from EGIS Phsu-maceuticals (Budapest, Hungary). N- 
Methyl-O^aspartate (NMDA) was purchased from Sigma^Aldrich (St.. 
Ix)ui3, MO), and TTX was fttjm Latoxan (Valence, France). PHJBa- 
trachotoxinin A 20-or-ben2oate (l^H|BTX; specific activity, 50 Ci/ 
mmol) was obtained from PerkinElmer Life and Analytical Sciences 
(Bcston, MA). Scorpion venom {Leiurus quinquestriatus from North 
Africa), bovine serum albumin, choline chloride, sucrose, and 
HE PES were purchased fr^jm Sigma- Aldrich (Budapest, Hungary). 
Aconitine was purchased from Fluka (Buchs, Switze.rland). Salts and 
other chemicals for artificial cerebrospinal fluid (ACSF) and elec- 
trode-filling solutions were purchased from Sigma- Aldrich. Culture 
medium components were obtained from Invitrogen (Carlsbad, CA). 
The lluorimetric imaging plate reader membrane potential assay kit 
(blue) was purchased from Molecular Devices (Sunnyvale, CA), 



For intravenous infusion, Rindex solution <68 mM NaCl, 3.5 mM 
KCl, 1.25 mM CaCla, 0.5 mM MgCla, and 565 mM glucose) was 
purchased fi^m Human Ltd. (Budapest, Hungary). The anesthetic 
solution for in vivo studies contained 0.25% ot-chloralose and 10% 
urethane (both from Sigma-Aldrich) dissolved in distilled water. The 
cannula for blood pressure monitoring was frUed with saline contain- 
ing 200 lU/ml heparin (Gedeon Richter Ltd.). 

Animals. Wistar rats (bred at Gedeon Richter Ltd. or purchased 
from Toxicoop, Budapest, Hungary or Harian» Indianapolis, IN) were 
used in all the studies. For the in vitro experiments, spinal cords and 
DRG cells were isolated from 6-day-old male rat pups. Male rats 
weighing 280 to 320 g were used for the in vivo experiments. The 
animal room was thermostated at 21 ± 1*0 and illuminated artifi- 
dally fixjm 6:00 AM to 6:00 PM. The rats had free access to food and 
water. All of the procedures conformed to the guidelines of the 
National Institutes of Health for the care and use of laboratory 
animals and were approved by the Institutional Ethical Committee. 

Isolated Homifsected Spinal Cord Preparation in Vitro. Rat 
pups weighing 13 to 16 g were anesthetized with ether and then 
placed on crushed ice to cool down the spinal cord until the respira- 
tion of the animal stopped. The spinal cord was removed and he- 
misected along the midline. Hemicords were transferred into a stor- 
age chamber, and they were incubated at room temperature (2*- 
26*C) in standard ACSF (124 mM NaCl, 3.5 mM KCl, 1.23 mM 
NaH-^PO^, 2 mM CaClg, 2 mM MgCla, 26 mM NaHCOg, and 10 mM 
glucose) bubbled with carbogen (95% Oa and 5% COj) for at least 30 
min. One hemicord was placed into the recording chamber and 
perfused at 10 mJ/min with ACSF at 26''C (regulated) if not stated 
otherwise. Glass suction electrodes were used both for stimulation 
and recording. Dorsal root stimulation -evoked ventral root potentials 
(DR-VRPs) were recorded fcom the L6 ventral root. The L5 dorsal 
root was stimulated with squfiu^-wave anodic current pulses (0.2 
mA; 0,1 ms; supramaximal for all recorded potential coniponents) at 
a frequency of 2 min''^ However, before and at appropriate times 
after drug applications, the input-output relationship (curve) was 
also determined using gradually increasing current intensities 
(0.01-0,2 mA). Evoked compound action potentials (afferent fiber 
potentials; AFPs) were recorded from the spinal cord surface with a 
glass suction electrode attached to the adjacent L4 dorsal root. In 
these experiments, a distance of at least 5 mm was kept between the 
site of stimulation and the dorsal root entry zone. 

The first 200 ms of DR-VRP was analyzed. Responses were band- 
pass-fjit^ed (0.02 lIz-lO kHz), amplified, and fed into a PC via an 
A-D converter (Digidata 1200; Molecular Devices, Sunnyvale, CA; 
sampling rate, 10 kHz). A custom-made computer program (Stimu- 
lat) controlled both stimulation and data acquisition and performed 
the on-line data analysis. Evoked potentials were displayed and 
stored for later evaluation. Different components of the ventral root 
reflex response were separated according to their poststimulus la- 
tencies and durations. The drugs were added into the ACSF only 
when the measured piEurameters had become stable. Drug effects 
were determined when a steady-state inhibition had developed, 
which was dependent on the dnig used (typically after 60-90 min of 
perfusion). 

Standard Surgery for the in Vivo Studies in Spinal Ani- 
mals. The method was essentially similar to that described previ- 
ously in more detail (Farkas and Ono, 1995). Rats anesthetized with 
a mixture of chloralose (25 mg/kg i.p.) and urethane Cl gAcg i.p.) were 
used. The vagal nerves were severed, and the common carotid arter- 
ies were ligated bilaterally at the cervical region. Blood pressure was 
monitored via a cannula in the carotid artery. The femoral vein was 
also cannulated to allow intravenous ii^ections. A tracheal cannula 
was inserted, and the animals were artificially ventilated through- 
out the experiment. The spinal cord was infiltrated with lidocaine 
50 ptl) and transected at the CI level. The animals were fixed in 
a spinal stereotaxic fi:ume, and a dorsal laminectomy was performed 
on vertebrae L1-L6, A pool was formed from the skin of the back and 
filled with warm paraffin oil. Rectal and oil pool temperatures were 
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maintained at 36 0.2'*C using two heating lamps. During the 
experiment, Rindex solution was infiised (10-20 mi • kg~* ' h~*) to 
maintain the mean arterial blood pressure of spinal animals at 
around 60 mm Hg. 

In Vivo Spinal Reflex Study. Ventral and dorsal roots below L4 
were cut bilaterally, L5 dorsal and ventral roots on both sides were 
isolated, and an ipsilateral pair of them was placed on bipolar silver 
wire hook electrodes. The dorsal root was stimulated by single im- 
pulses (stimulus strength, supramaximal voltage; pulse width, 0.05 
ms; and frequency, iOAnin). 'Hie first 10 ms of the ventral root reflex 
recorded using a differential amplifier was displayed, stored, and 
evaluated using the Stimulat software. 

Study of Afferent Nerve Conduction in Vivo. In addition to 
the standard surgery, the right sciatic nerve was exposed in the* 
femoral-popliteal region and placed on a bipolar silver wire electrode. 
A pool was formed from the skin of the back and of the leg and filled 
with warm paraiBn oil. The sciatic nerve was stimulated by single 
square-wave impulses (stimulus strength, supramaximal for all A- 
fibers; i.e., 5-30 V; pulse width, 0.1 ms; and frequency, lO^n). The 
proximal end of L5 dorsal root transected at the dorsal root entry 
zone was placed on a silver wire bipolar hook electrode and crushed 
between the two hooks for monophasic recording of the arriving 
compound action potential of the afferent nerve fibers. 

Motoneuron Excitability Test in Vivo. Excitability of the mo- 
toneuron soma and that of the primary afferent fibers was measured 
similarly to the technique described by Ono et al. (1979). Anesthe- 
tized animals were paralyzed with pipecuronium bromide (100 ng/kg 
starting dose + 50 ^g • kg~* h~^ in infusion). A tungsten microelec- 
trode, insulated with the exception of its tip, was inserted into the L5 
motoneuron pool, which was stimulated by negative pulses (stimulus 
strength, 0.2-0.5 mA; pulse width, 0.05 ms; and fi^uency, 10/min). 
The compound action potential evoked by direct stimulation of mo- 
toneurons (MN; first peak) and the potential caused by (mono)8yn- 
aptic activation of motoneurons (MS; second peak) were recorded 
from the L5 ventral root. The antidromic action potential, which 
refliects excitability of the primary afferent fibers (PAFs), was re- 
corded ftt)m the L5 dorsal root. Tip position and stimulus strength 
were finely acijusted to yield similar amplitudes of MN and MS. Data 
acquisition and analysis in the in vivo studies were performed sim- 
ilarly to those described in the in vitro experiments, except that a 
higher (25 kHz) sampling rate was used. 

Whole-Cell Current Measurements. ORG cells were acutely 
dissociated from rat DRG of 6-day-old male rats (Roy and Narahashi, 
1992). Cells were plated on sterilized glass coverslips previously 
coated with poly-D-lysine, Cultures were kept in 2% serum-supple- 
mented Dulbecco*8 modified Eagle's medium at 37*C in 5% COg. 
Inward currents were recorded by the whole-cell patch-clamp tech- 
nique 1 day after the plating of the cells. Coverslips with the at- 
tached neurons were transferred to a recording chamber and con- 
stantly superfused with the extracellular solution (ES) at room 
temperature (22-25^C). The ES used in the sodium current experi- 
ments contained 70 mM HaCl, 70 mM choline chloride, 5 mM KCl, 2 
mM CaCIa, 2 mM MgClj, 5 mM HEPES. 5 mM HEPES-Na, 0.01 mM 
CdClg, and 20 mM glucose, pH 7.35. The ES for calcium current 
measurements contained 143 mM choline chloride, 5 mM CaCl^, 1 
mM MgClj, 10 mM HEPES, and 20 mM glucose. Patch electrodes 
(resistances, 1.&-2.5 MO) pulled from borosilicate capillary glass 
were filled with intracellular solution (IS). The composition of IS in 
the sodium current experiments was 130 mM CsF, 15 mM NaCl, 10 
mM tetraethylammonium chloride, 0.1 mM CaCl2, 2 mM MjgClg, 2 
mM ATP-Na2, 10 mM HEPES, and 1 mM EGTA, pH 7.25. The IS for 
calcium current measurements contained 110 mM CsCl, 4.5 mM 
MgClg, 9 mM HEPES, 9 mM EGTA, 4 mM ATP-Na,, 0.3 mM GTP. 14 
mM creatine phosphate, and 50 U/ml creatine phosphokinase, unless 
indicated otherwise. Osmolarities of ES and IS were 310 and 290 
mOsm, respectively. Sodium currents were evoked by 8-ma-long 
rectangular step depolarizations to 0 mV from different holding 
potentials at 10-s intervals. Calcium currents were elicited by 20-ms 



step pulses to 0 mV Gcom a holding potential of -80 mV. An Axopatch 
200A amplifier and the pClamp 8.0 software (Molectilar Devices, 
Sunnyvale, CA) were used for recording and analysis. Capacitive 
transients were compensated; series resistance compensation was 
also always performed. Test compounds dissolved in the ES were 
applied onto the cells via multibarreled ejection pipettes controlled 
by electromagnetic valves. Currents were recorded from fast-kinetics 
tetrodotoxin^naitive DRG cells in which application of TTX (0.3 
fiM) caused an at least 85% inhibition of the sodium current peak 
amplitude. The availability ciirves of the sodium current were fitted 
with the Boltzmann fiinction: 1^^ ~ JNa.moi/ll + exp(fV„ - V^m^^ 
Ah)), where I^o is the peak current amplitude, lNa.m«x is the maxi- 
mum available sodium current (the upper asymptote of the fitted 
sigmoid curve), is the applied holding potential, Vhi/2 ^ the 
holding potential at half-maximal availability, and Ah is the slope 
factor or width. 

Fluorescent Membrane Potential Measurements, Average 
membrane potential in rat primary cerebellar cell cultures was mon- 
itored by fiuorimetry. In brief, primary cerebellar cell cultures were 
initiated from 4-day-old rats. After decapitation/the cerebellum was 
removed and incubated with 0.25% trypsin for 3 min. After a brief 
centrifiigation (12%; 5 min), the cells were resuspended in culture 
mediiun (Dulbecco's modified Eagle's medium) containing 10% fetal 
bovine serum, 20 ng/ml nerve growth flactor, 20 mM KCl, 2.5 ^ml 
amphotericin B, 100 O/ml penicillin G, and 100 /ig/ml streptomycin, 
and they were plated onto poly-i>-lysine-coated 96-well plates (1-2 X 
lO*"* cellsAvell). Cultures were incubated at 37'C in a humidified 
atmosphere of 5% COa and 95% air and used for the measurement 
after 7 days in vitro. Membrane potential was monitored using the 
fluorimetric imaging plate reader membrane potential assay kit 
(Molecular Devices) and FlexStation II (Molecular Devices), a plate 
reader fiuorimeter with integrated eight-channel fluid addition ca- 
pability. Cells were loaded with the fluorescent dye (100 /itl/well) by 
incubating the plate for 20 to 60 min at 37^C. Aft^ loading, 50 of 
ACSF (control) or 50 ^ of 4 x concentrated test compound solution 
(dissolved in ACSF) was added to each well, and the plate was 
incubated at 37*C for an additional 10 min. Fluorescence measure- 
ments were carried oiit at 37*C. The dye was exdted at 530 nm, and 
emission was stunpled at 565 nm at 1.4-s intervals. Aft«r recording 
baseline for 15 s, 50 /xl of 4X concentrated veratridine solution was 
added to the cells using the pipetter of FlexStation, and fluorescence 
was monitored for an additional 105 s. This 2-min protocol was 
executed column by column on the whole plate. The concentration of 
veratridine (defined as ECso) was determined on each experimental 
day by performing dose-response measurements with veratridine 
using ceils from the same plating. Raw fluorescence data were ex- 
pressed as AF/P values (fluorescence change normalized to baseline). 
The effects of blockers at various concentrations were quantified as 
percentage of inhibition of the control veratridine response. 

[^'^HIBTK Binciing. Rat cerebrocortical synaptosomes were pre- 
pared as described by Catterall et al. (1981) with minor modifica- 
tions. In brief, the cortices of 7- to 8-week*old male rats were dis- 
sected'and homogenized in 10 volumes of ice-cold sucrose buffer 
containing 5 mM KaHP04, pH 7.4. The homogenate was centrifuged 
at lOOOlg (15 min; 4''C), and the resultant supernatant was retained 
and centrifuged at 20,00Qg (15 min; 4''C). AUquots of the synaptoso- 
mal preparation were frxtzen on dry ice and stored at -SO'C until 
use. Before use, altquots were thawed at room temperature and 
centrifuged in a 10-fold volume of the same sucrose buffer (2O,(X)0|g; 
15 min; 4*C). The final pellet containing synaptosomes was resus- 
pended in 4 volumes of Na*^ -free medium containing 130 mM choline 
chloride, 5.5 mM sucrose, 0.8 mM MgS04, 5.4 mM KCl, and 50 mM 
HEPES, pH 7.4. 

Aliquots (100 mI) equal to approximately 6 to 8 mg/ml protein were 
used in [^HIBTX binding experiments. Binding assays were per- 
formed in the presence of 5.0 nM l^jBTX, 1 pM tetrodotoxin. 4,0 tig 
of scorpion toxin, and various concentrations of the added drugs at 
37®C for 60-min incubation time. Nonspecific binding was deter- 
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mined in the presence of 300 ^ aconitine. The reaction was termi- 
nated by rapid filtration using a UniPilter-96 GF/B (PerkiiiEbner 
Life and Analytical Sciences). The filtration plates were washed five 
times with ice-cold wash buffer containing 5 mM HEPES» 130 mM 
choline chloride, 0.8 mM MgSO^, 1.8 mM CaClj, and 0,01% bovine 
serum albumin. Radioactivity trapped on a 96-weH filtration plate 
was measured by liquid scintillation spectrometry in 40 ;jd of Mi- 
crosdnt 20 scintillation cocktail (PerkinBlmer Life and Analytical 
Sciences) using a TopCount NXT microplate scinUllation and lumi* 
nescence counter (PerkinElmer Life and Aitialytical Sciences). 

Statistics. Data are presented as mean ± S.E.M. For IC50 deter- 
minations, sigmoidal fitting to parametric data were applied using 
Origin 6;0 (OrigtiiLab Corp.» Northampton, MA). 

Results 

Isolated Hemisected Spinal Cord in Vitro. A typical 

DR-VRP (Fig. lA) consisted of a bi phasic population spike 
(monosynaptic reflex, MSR; time to peak, 7.0 ± 0.4 ms) 
superimposed on the eariy phase of a tonic, long-lasting po- 
tential shift, reaching a maximum at 10 to 15 ms following 
the stimulation of the dorsal root. This latter potential basi- 
cally, repitisents population excitatory postsynaptic potential 
(EPSP) of motoneurons (Siarey et ah, 1992). Nevertheless, 
small waves attributable to asynchronous fhing of motoneu- 
rons were often discemibly superimposed on this tonic po- 
tential. When the stimulus intensity dependence of the 
evoked response was investigated (Fig. IB, a)ntrol curves), 
current intensities causing half-maximal activation of MSR, 
EPSP, and late EPSP were 0.05, 0.045, and 0.03 mA, respec- 
tively, whereas 0.2 mA was enough to maximally activate all 
components. This latter intensity, which was used in the 
experiments where drugs were tested, caused only negligible 
activation of C-fibers (not illustrated). Thus, C-fibers do not 
seem to participate in the generation of the first 180 ms of 
DR-VKP, including its highly NMDA antagonist-sensitive 
"tail part" (80-180 ms; Kocsis et al,, 2003). This conclusion is 
in agreement with that of Thompson et al. (1992), who also 
found a predominant role of A-type afferent fibers in DR- 
VRP. Increasing the stimulus intensity above supramaximal 
for AS did not result in furttier increase in any of these 
response components. 
Tolperisone (50-400 |xM), eperisone, lanperisone, ina- 



perisone, and silperisone (25-200 ^tM) as well as lidocaine 
(200-800 fiM) caused concentration-dependent depression of 
all studied components of DR-VRP (Fig. 2). As illustrated by 
the action of silperisone in a representative experiment (Fig. 
lA), MSR and the tail of EFSP were the most sensitive 
parameters, whereas the early part of EPSP was apparently 
less attenuated. Apart from responses just above the thresh- 
old, the depression afforded by different doses of silperisone 
was not dependent on the stimulus strength. Namely, max- 
imum responses of the input-output curves were attenuated, 
rather than a rightward shifl of the curve (Fig. IB). Hence, 
these depressant drug effects were unlikely to be the conse- 
quence of an elevated excitation threshold of primary affer- 
ent axons at the site of stimulation. 

Tolperisone, silperisone, and lidocaine all dose depen- 
dency inhibited AFP in the concentration range that also 
depressed EPSP. To be able to make a precise comparison 
between drug effects on AFP and synaptic responses, we 
recorded the two activities in the same hemisected spinal 
cord preparation. To eliminate the interference caused by 
spiking of motoneurons (MSR), we recorded the EPSP-re- 
lated component at an elevated temperature, at which excit- 
ability of motoneurons in the hemisected spinal cord prepa- 
ration was depressed (Brooks et al., 1955). Elevation of the 
temperature of the bathing solution from 26 to 32 ± 1*C 
depressed MSR, allowing us to record the main component of 
the incoming AFP (Fig. 3A) and a nearly pure EreP-related 
potential (Fig. 3B) simultaneously. Figure 3 shows that lido- 
caine was clearly more. effective in blocking nerve conduction 
than EPSP, whereas silperisone had an opposite preference 
regarding the two potentials. Tolperisone was in between the 
two other drugs, having similar efficacies to block EPSP and 
AFP. 

In Vivo Spinal Reflex Study. A typical ventral root 
reflex response to stimulation of the dorsal root and its at- 
tenuation by silperisone are shown in Fig. 4A, We differen- 
tiated three characteristic components of the ventral root 
reflex potential (as described previously in Farkas and Ono, 
1995): monosynaptic, disynaptic, and polysynaptic reflex 
(MSR, DSR, and PSR, respectively; Fig. 4A). Silperisone (10 
mg/kg i.v.) attenuated aiU of the three components with a 
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Fig. I. Effect* of silperisone on DR-VRP components in vitro. A, inhibition of DR- VHP by increasing doses of silperisone (50-200 ftM) added to the 
perfusing medium. The inset shows the same potentials on an extended time scale to allow the observation of the changes in the monosynaptic reflex, 
B, effect of 50 {•), 100 (A), and 200 \M (▼) silperisone compared with control (■) on the stimulus strength dependence of the peak-to-peak amplitude 
of monosynaptic compound action potential (MSR AMPL) and on the integral of EPSP (EPSP INT.). Data are presented as mean ± S.E.M. from four 
experiments. Note that efficacy of silperisone was not dependent on the sMmuius intensity. i.e., increasing the stimulus strength did not counteract 
the inhibition produced by silperisone. 
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Fig. 2. Effects of different tolperisone-type centrally acting muscle relax- 
ant drugs (tolperisone, TOLP; silperisone, SILF; epcrisone, £P£; Laxi- 
perisone, LANP; and inaperisone, INAP) and lidocaine (LID) on DK-VRP 
componente in vitro. ICyj values of the drugs studied are based on 
inhibition of different refleic components: peak-to-peak amplitude of 
monosynaptic compound action potential (open columns), integram of 
EPS? (hatched columns), amplitude of EPSP (checked columns), and 
integral of late part of EPSP (80-180-ms poststimulus time; solid col- 
umns). AU columns represent mean ± S.E.M. from four experiments, 

sensitivity order of components: MSR > DSR > PSR. Its 
action was longer lasting than that of tolperisone, eperisone, 
or lidocaine (about 40, 90, 85. and 70% recovery of MSR 1 h 
after i,v. injection, respectively; not illustrated). The proiiles 
of tolperison e and eperisone (i.e., the relative sizes of effects 
on the three different ventral root reflex components) were 
practically identical. However, peak effects of tolperisone 



were a bit greater for all of the three components. The profile 
of silperisone was also similar to that of the above-mentioned 
two compounds. However, its peak effect on MSR was 
slightly weaker. The profile of lidocaine was substantially 
different, because it produced relatively weaker depressant 
effect on MSR compared with that on PSR (Fig. 4B). 

Motoneuron Excitability Test in Vivo. The effects of 
silperisone^ tolperisone, and lidocaine on excitability of mo- 
toneurons and primary afferents were studied in three to five 
animals. Results are shown in Fig. 5, Characteristic poten- 
tials recorded from the dorsal and ventral roots following 
intraspinal focal electrical stimulation of the area of the 
motoneuron pool are shown in Pig. 5A. 

Silperisone (10 mg/kg i.v.) depressed MN (direct excitabil- 
. ity) by 15%, whereas MS (the synaptic response) decreased 
by 68% on average (Fig. 5). It exerted no effect on excitability 
of PAPs. The onset of the effect of silperisone was relatively 
slow, and the inhibition reached its maximum in 15 min. 
Tolperisone (10 mg/kg i.v.) reached a maximum effect of 24, 
80, and 8% inhibition of MN, MS, and PAF, respectively, in 6 
to 8 min, whereas lidocaine (10 mg/kg i.v.) produced more 
marked depression of MN and PAF (30 and 14%, respec- 
tively; Fig. 5D) than did tolperisone or silperisone. On the 
other hand, its depressant effect on MS (67%) was less pro- 
nounced compared with tolperisone, and it was similar to 
that of silperisone. Although these differences may seem 
small, they were highly reproducible when the different com- 
pounds were administered successively in the same experi^ 
ment. 

Study of Afferent Nerve Conduction in Vivo. Possible 
contribution of a local anesthetic-fype inhibition of afferent 
nerve conduction to the reflex inhibition following systemic 
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Fig, 3. Effects of drugs on synaptic 
responises (EPSP) and on AFP. These 
experiments were performed at bath 
temperature of 32 ± VC to eliminate 
the monosynaptic reflex and thus to 
record a pure EPSP. The L5 dorsal 
root was stimulated (0.2 mA; 0.1 ms) 
A, afferent fiber potential recorded 
from the L4 dorsal root It shows the 
action potentials of L5 dorsai root ar- 
riving at the spinal cord surface. B, 
population EPSP recorded from the 
L5 ventral root. C to E, dose-re«ponse 
curves of silperisone, tolperisone, and 
lidocaine, respectively. Data points 
represent the peak-to-peak amplitude 
of AFP (•) and bascline-to-pcak am- 
plitude of EPSP (□). Data are pre- 
sented as mean ± S.E.M. from three 
cxperimentSp each. 
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Fig. 4, Effect of drugs (tolperisone, TOLP; silperisone, SILP; epcrisotie, EPE; and lidocaine, LCD) on ventral root reflex evoked by dorsal root 
stimulation recorded in vivo in spina) rats. A, representative averaged in »» 10) potential before (left) and 10 min after (right) administration of 
sUperisone (10 mg/kg i.v;). The rellex response consists of three components; the first, robust peak, the UBR; the smaller and somewhat more variable 
DSR; and the longer lasting PSR, which is hairdly discernible from the baseline at this amplification. The arrows indicate the stimulation artifact. Scale 
bars, 2 mV, 2 ms. maximal inhibitory effects (within 30 min. alter drug administration) of drugs (10 mg/kg i.v.) on different reflex components: MSR 
(open columns), DSR (hatched columns), and PSR (solid columns), as percentage of the control responses. Data are presented as mean £ S.E.M. irom 
five experiments. 



administration of silperisone, tolperisone, and iidocaine 
(10-10 mg/kg i.y.) was investigated. AFPs recorded from the 
L4 dorsal root following stimulation of the sciatic nerve re- 
flected evoked action potentials of A-fibers (no synchronized 
C-fiber-mediated components could be recorded under our 
experimental conditions). Silperisone and tolperisone left 
AFP practically unchanged (2.7 ± 0.5 and 5.0 ± 1.2% inhi- 
bitions of the peak, respectively; n ~ 6). Lidocaine exerted 
slight but consistent inhibitory efifect on AFP ampUtude 
(10.7 ± 1.7%), 

Effects on Voltage-Gated Sodium and Calcium Cur- 
rents. Sodium currents recorded from medium-sized (25-35 
^m) dorsal root ganglion cells had an average inaximal peak 
current amplitude of 3.9 ± 0.4 nA (43 cells). Because in pilot 
experiments we found that the sodium channel inhibitory 
effect of toiperisone-like compounds is highly membrane po- 
tential-dependent, the concentration-response relationships 
were investigated at a membrane potential, where approxi- 
mately half of the channels were in an inactivated state 
(Vjij/2), i.e., at -SO mV. Thus, to decrease the variability of 
drug sensitivities among DRG neurons^ cells with V^j^ out 



of the range of -70 and -90 mV were not used for drug 
testing. 

Tolperisone, silperisone, eperisone, and lidocaine inhibited 
peak sodium currents evoked by step depolarizations to 0 mV 
from a holding potential of -80 mV in a concentration-de- 
pendent manner (Fig. 6A). The inhibitory effect developed 
rapidly and was reversible. The IC50 vEduea are listed in 
Table 1. Silperisone had a slightly higher potency to block 
sodium currents than the other three drugs. 

The membrane potential dependence of the available cur- 
rent (sodium channel availability) was assessed by applying 
a voltage protocol in which membrane potential was held for 
10 s at different voltages, increasing from ~ 130 to - 10 mV in 
10-mV steps preceding the test pulses to 0 mV. In Fig. 6B, the 
effect of tolperisone (200 ptM) on the steady-state inactivation 
curve is shown. The peak amplitude of the resultant current 
was normalized to the value of the maximum available cur- 
rent (recorded at -130 mV) and plotted against the mem- 
brane potential. Tolperisone (200 and 400 mM) as well as 
silperisone (80 and 160 /xM) and lidocaine (200 and 400 ftM) 
caused concentration-dependent shifts of the control inacti- 
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Fig. 5. Effect of drugs (tolperisone, TOLP; siiperisone, SIU*; and lidocaine, LID) on direct electrical excitability of MN, their MS excitation, and 
excitability of PAF. A, averaged potentials were recorded from L5 ventral root (VR) and from L6 dorsal root (DR), before (left) and 6 min afler (right) 
administration of silperisone (10 mgAcg i.vj. The arrows indicate the stimulation artifact, Silperisone had negligible effect on PAF and little effect on 
MN, but it strongly inhibited MS. Scale bars. 1 mV, 2 ma (VR); 5 mV, 2 ms (DR). B, comparison of the effects of tolperisone in « 3), silperisone in = 
5), and lidocaine in « 3), each at 10 mg^ i.v., on PAF (open columns), MN (hatched columns)* and MS (solid columns). Data are presented as mean ± 
S,E.M. 
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Fig. 6* Effect of toiperisone on volt- 
age-gated sodium channeU in DRG 
cells. A, current traces from bottom to. 
top were recorded in the presence of 0, 
40. 80, 160, 320, and 640 /iM tolp- 
ehsone in a representative expori- 
roent. The applied voltage command 
protocol is shown above the traces. B, 
effect of tbiperisone on the steady- 
state inacUvation characteristics. 
lV>lpQnsone (200 ^M; ▼) shifted the 
control (fl) inactivation curve and de- 
creased the maximum current at high 
negative potentials. The normalized 
curve (•) indicates a pronounced par- 
allel leftward shift in the current 
availability curve of the control curve. 
Data are presented as mean ± S JS.M. 
from seven cells. 
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TABLE 1 

ICso values (micromolar; mean ± S J!.M.) of various toiperisone-type muscle relaxant drugs and Udocaine in in vitro assays 
'nic number of observations is sluwn in parehUiesos. 



Onnpound Current" [^JBTX Binding VEK MSB EPSP Integral 



Toiperisone 


198 


± 21 (6) 


40.9 ± 2.5 (7) 


58.3 




2.4 (3) 


62.7 




9.4(7) 


130.7 




10.4 (7) 


Silperisone 


lU 


± 18(10) 


7.2-0.8(4) 


14.2 


± 


0.6(3) 


55.9 




1.5 (4) 


72.5 




13.8 (4) 


Eperisonc 


2S0 


± 93 (5) 


21.7 ±2.6(3) 


37.1 




1.8(3) 


43.3 




5.8 (5) 


76.0 




9.4 (5) 


Inaperisonc 




N.D. 


34.6 ± 3.0(3) 


41.8 




3.5 (4) 


29.6 




3.8(7) 


59.7 




7.4 (7) 


Lanperisone 




N.D. 


13.7 (1) 


31.2 


± 


2.9 (4) 


33.0 




3.1 (5) 


114.7 




15.1(6) 


Lidocaine 


297 


i 86 (6) 


132 :!: 9 (4) 


60.6 




6,2 (4) 


186.2 




17.6(6) 


198.5 


± 


42.8(6) 



N.D., not deiemiined; VER, veratridine-evoked depolarisation determined by microfluorimetry. 
Sodium currents were moasurcd by whoIp-ceU patch clamp. 



vation curves (Vmyz of ~75.0 ± 1.5 mV) toward the more 
hyperpolarized membrane potentials, but they also de- 
creased the maximum available current (Table 2). On the 
contraryi none of the drugs affected the voltage dependence 
of activation (current-voltage curve) of sodium currents (not 
illustrated). 

In accordance with the data of Wu and Pan (2004), we 
found that L-type and P/Q-type calcium channels do not 
contribute considerably to the high-threshold voltage-acti- 
vated calcium current in DRG cells, because neither nitren- 
dipine (10 fiM; n = 4) nor a>-agatoxin-IVA (0.1 p.M; » = 9) 
blocked the current significantly (5 ± 1 and 4 1% inhibition 
of calcium current amplitude, respectively), whereas o>-cono- 
toxin-GVIA, a selective N-type calcium channel blocker (3 
ptM), caused a 28 ± 3% inhibition (n ~ 4), Silperisone (320 
^M) inhibited both the co-conotoxin-sensitive current compo- 
nent and also most of the drug-resistant (R-type) current 
(Fig. 7A). 

Silperisone concentration dependency inhibited voltage- 
sensitive calcium channels wi^ an ICqq of 218 ± 22 fiM 
(determined in eight cells). In another set of experiments, the 
patch pipette-filling solution lacked creatine phosphate, cre- 
atine phosphokinase, and GTP, agents that facilitate the 
phosphorylation of intracellular proteins. In these experi- 
mentS) the blocking effect was more prominent (IC50 ~ 65 ± 
9 jiM; n ^ 8). Toiperisone had an ICgo of 1062 ptM in the 
presence of creatine phosphate, creatine phosphokinase, and 
GTP; thus, it was -^5-fold less potent than silperisone. No 
IC5Q values were determined with eperisone and Udocaine; 
thus, the calcium channel-inhibiting efficacies of drugs were 
compared at 320 /xM (Fig. 7B). At their IC50 concentrations 
for sodium channel blockade, toiperisone, silperisone. 



eperisone, and lidocaine caused 22, 34, 36, and 7% diminu- 
tion of calcium currents, respectively. 

Effects on pH]BTX Binding and Veratridine-In- 
duced Depolarization. All of the studied compounds inhib- 
ited PHIBTX binding in cortical synaptosomal preparation 
dose dependently . ICgo values are listed in Table 1. At similar 
concentrations, the same compounds also reduced membrane 
depolarization evoked by the sodium channel activator/inac- 
tivation inhibitor veratridine (Table 1). Similar to the sodium 
current measurements, lidocaine proved to be the least effec- 
tive also in these assays. The results of the PHIBTX binding 
test are in good correlation with those of the veratridine 
depolarization assay, and the rank orders, with one excep- 
tion, are in agreement with the orders found in the whole-cell 
current experiments. However, the potencies of the com- 
pounds in the former two assays are different from what was 
determined in the patch-clamp experiments. The discrepancy 
may be related to the fact that the former assays apply 
veratridine and BTX, respectively, which may alter the sen- 
sitivity of sodium channels to this type of blocking agents. 
Furthermore, different parameters (peak current or steady- 
state responses) were measured in the different assays. 

Discussion 

Toljperisone and its analogs as well as lidocaine suppressed 
the spinal segmental reflex activity both in vitro and in vivo. 
Various presynaptic and postsynaptic events may be consid- 
ered as possible site(8) of this inhibitory action. Using an 
intraspinal stimulation protocol, we found that toiperisone 
and silperisone decreased motoneuronal (postsynaptic) excit- 
ability but to a lesser extent than the local anesthetic lido- 



1244 Kocsisetal. 



TABLE 2 

Effects of tolperisone, silperisone, and Hdocame (micromoilar) on 
steady-state inactivation of voltage-gated sodium channels of DRG cells 
AVh)>2 is tho shift of tho half-maximal voltogo for inactivation caused by the given 
ding, and Ih is tho pcroonlage inhibition of current peak amplitude at a holding 
potential ot -130 mV. The number of observations is sIiowd in parentheses. 
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mV 
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200 ToJperisone 


-19 ±3 (7) 


33 ±12 (4) 


400 Tolperisone 


-22 ± 3(6) 


41 ±9 (6) 


80 Silperisone 


-6+ 1(7) 


13 ± 2 (6) 


J 60 Silperisone 


-8 ± 1 (7) 


32 ± 7 (6) 


200 Lidocaine 


-13 ±2(7) 


14 ± 4 (6) 


400 Lidocaine 


-17 ±2 (9) 


27 ± 7 (7) 



caine. The compound action potential recorded from the dor- 
sal root represents excitabnity of primary afferents. Prom the 
ventral root, two successive potentials could be recorded: the 
first spike was the consequence of direct electrical stimula- 
tion (nonsynaptic excitation of the motoneurons; MN), 
whereas the second spike was due to MS activation of mo- 
toneurons (Ono et aL, 1984; Farkas and Ono, 1995). 

Lidocaine was also the most effective among the three 
compounds in decreasing the excitability of primary afferent 
terminals and the conduction of afferent volley (AFP). These 
presynaptic events have a great impact on the quantity of 
transmitter substances (primarily glutamate) released from 
the terminals. A decreased transmitter release results in a 
depression of EPSP. To analyze precisely the relationship 
between depression of the afferent nerve conduction and 
synaptic transmission, dose-response studies were performed 
with simultaneous recording of AFP and DR-VRP. Although 
tolperisone, silperisone, and lidocaine all attenuated both 
AFP and EPSP, silperisone preferentially depressed EPSP, 
whereas lidocaine possessed a more pronounced depressant 
action on AFP. The profile of tolperisone was between that of 
the two other drugs, namely, it equally inhibited AFP and 
EPSP. 

In summary, lidocaine had significantly greater depres- 
sant effects on the direct electrical excitability of motoneu- 
rons and primary afferents than silperisone, whereas their 
efficacies to inhibit the synaptic transmission were similar. 
The profile of tolperisone was in between the two other drugs. 

Among the compounds studied, silperisone had the slowest 
rate of onset of effect (not shown). Since an apparently com- 
plete steady state usually could not be achieved with sil- 
perisone even within 90 min, this could cause slight under- 



estimation of its potency. As shown by Fig. 2, inaperisone 
was the most potent in attenuating both MSK and the early 
part (peak) of EPSP. However, it was equally potent to 
eperisone and silperisone in attenuating the/'taii" and con- 
sequently the whole area under the curve of EPSP. Tolp- 
erisone and lanperisone were somewhat less potent than the 
above-mentioned drugs, but their patterns of actions were 
similar. Lidocaine was the least potent, especially in depress- 
ing the early part of EPSP. However, it was relatively potent 
in attenuating the tail (Fig. 2), which is in agreement with 
the results of Nagy and Woolf (1996) obtained in a similar 
model 

Thus, in spite of the fact that lidocaine had marked effects 
on AFP and excitability of presynaptic terminals, it was less 
efficient in depressing synaptic transmission compared with 
tolperisone and especially with silperisone. This suggests 
that the latter drugs may have additional inhibitory actions 
on EPSP generation. 

In our in vitro model, EPSP could be abolished by coad- 
ministration of the a-amino-3-hydroxy-5-methyl-4-isox- 
azolepropionic acid antagonist GYKI 52466 and the NMDA 
antagonist 2-amino-5-phosphonovalerate (Kocsis et al., 
2003). However, according to our former (unpublished) 
studies, neither tolperisone nor silperisone had any affect 
on of-amino-3-hydroxy-5-methyl-4-isoxazolepropionic add or 
NMDA receptors, suggesting that the depressant eff*ect on 
EPSP reflects a presynaptic action on the release of the 
excitatory transmitter rather than an action on postsynaptic 
glutamate receptors. Neither did the two drugs affect 
GABA-A receptors in binding experiments. 

Voltage-gated sodium channels are regarded as one of the 
most important sites of action of tidocaine (Hille, 1977; Clare 
et aL, 2000). The effect of lidocaine on sodium channels can 
explain both the depression of excitability and synaptic 
transmission observed at the spinal segmental level. Our 
present results clearly indicate that tolperisone and its ana- 
logs share this feature of lidocaine, which is in agreement 
with the findings of Ono et al. (1984), Hinck and Koppenhofer 
(2001), Dttring and Koppenhofer (2001), and Quasthoff" et al. 
(2003). The lack of clear correlation between the blocking 
potencies of these drugs in the tests for sodium channels and 
those for depression of spinal reflex transmission in vitro 
(Table 1) may be related to differences between the com- 
pounds regarding the diffusibility inside the spinal tissue 
and/or to differences in activities on other channels. 
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Fig. 7. Effect of drugs on voltage-gated 
calcium channels in DRG cells. A, an 
experiment illustrating the effect of 
silperisone (SILP; 320 pM) on high volt- 
age-activated calcium currents oom- 
parcd with that of specific blockers of 
various subtypes of calcium channels: 
nitrendiinne (NTT; 10 ptM; L-type-selec- 
tive). «-eonotoxin-GVIA (CON; 3 fxM; 
N-type-selective), and aj-agatoxin-fVA 
(AGA; 0.1 ^aM; P-type-selective). Peaks 
of currcat were plotted against tiine. B, 
inhibitory effect of dii!brent tolperisone 
type centrally acting muscle relaxant 
drugs (tolperisone, TOLP; silperisone, 
SILP; and eperisone, EPE) and lido- 
caine (LSD) at 320 tiM on calcium cur- 
rent peak amplitude. Columns repre- 
sent mean ± S J!.M. in four to seven 
experiments. 



